INTRODUCTION
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Resale or republication not permitted without written consent of the publisher ery strategies including captive rearing efforts to rebuild a particular stock (Pollard & Flagg 2004) . In addition, an extensive hatchery system for Pacific salmon was developed over the last 100 years, annually releasing more than 100 million salmon and steelhead juveniles into Puget Sound and coastal Washington rivers (Mobrand et al. 2005) . In the course of artificial propagation, diseases that are poorly documented in feral populations can emerge as serious epizootics or debilitating chronic pathologies (Daszak et al. 2000 , Montali et al. 2001 ). In addition to the impact of diseases on propagated populations, the potential for transmission of infectious agents between captively reared and wild (or natural origin) fish is a broad concern for fish culture and conservation (McVicar et al. 2006) .
One of the most common and debilitating diseases among propagated Pacific Northwest salmon is bacterial kidney disease (BKD), which is caused by the Gram-positive bacterium Renibacterium salmoninarum. Infection by R. salmoninarum can cause acute morbidity and mortality, or it can result in chronically infected, asymptomatic carriers. Transmission can occur vertically by intra-ovum transfer (Evelyn et al. 1986a,b) and horizontally through a presumptive oralfecal route (Balfry et al. 1996) or through breaks in the skin (Elliott & Pascho 2001) . Efforts to control and reduce infection in hatcheries rely on antibiotic injections of broodstock and culling eggs from females with elevated levels of bacterial proteins in kidney tissue. Monitoring juvenile salmon during the freshwater phase has provided evidence that R. salmoninarum infection is endemic in Pacific Northwest watersheds (Sanders et al. 1992 , Pascho et al. 1993 , VanderKooi & Maule 1999 , Arkoosh et al. 2004 . Less is known about the infection status in seawater (Meyers et al. 1999 , Bruno 2004 , Rhodes et al. 2006 , especially during the early marine phase, a transition period between freshwater and ocean residence that is considered to be the most critical period in determining survival to adulthood (Pearcy 1992) . The present study addressed 2 objectives. First, we wished to determine the prevalence and intensity of infection among juvenile Chinook salmon during the first few months in seawater. Second, we wanted to identify biotic and abiotic risk factors for infection among recently emigrated fish. These objectives were chosen to address the lack of information about the distribution of infection and its potential impact on endangered stocks of Chinook salmon. This effort was a component of a larger monitoring study to assess nearshore marine habitat use in Puget Sound by juvenile Chinook salmon (Rice et al. 2011) , which allows the infection results to be examined within a broader ecological context.
MATERIALS AND METHODS
Study area and sampling efforts. The study area encompassed northern Puget Sound and the eastern portion of the main and southern basins of Puget Sound ( Fig. 1; see Rice et al. 2011 for site selection rationale). We sampled each of the 52 sites once per month from April through November in 2003, and each monthly sampling consisted of 2 successive tows employing a Kodiak surface trawl as described by Rice et al. (2011) . For each tow, water temperature and salinity were measured at a depth of approximately 1.2 m, and the depth of the tow was recorded. Fish catch from each tow was counted by species. Fish densities were calculated by dividing the raw catch with the area swept by the trawl. Gelatinous zooplankton (jellyfish) were combined and weighed. For the taxonomic composition of the catch, see Rice et al. (2011) . For individual Chinook salmon, we measured the fork length, examined visually for fin clips, and checked for a coded wire tag (CWT) by using a handheld detector Fig. 1 . Locations of sites sampled in this study and aggregate assignments by bay (labels within boxes), by basin (symbols), and by area (separated by dotted line) (Northwest Marine Technologies). A total of 1752 Chinook salmon for infection analysis were collected in 668 tows over the sampling period. Collection efforts yielded only 1 fish in April and 5 fish in November, and data from these fish were excluded from any temporal analyses. Adult river lamprey Lampetra ayresis were also captured by the surface trawl, and their parasitic lifestyle suggests that they are potential transmission vectors for pathogens. A total of 33 river lamprey was collected for examination for the presence of Renibacterium salmoninarum. Tissue collection and determination of infection. Salmon necropsies were conducted at the time of collection, and excised kidney tissue was stored on ice until slide preparation. River lamprey were stored at -20°C until necropsy. Slides of kidney tissue and gut contents were prepared by the quantitative fluorescent antibody technique (qFAT) (Cvitanich 1994) . The slide was stained with fluorescein isothiocyanate-conjugated polyclonal goat anti-Renibacterium salmoninarum antibody (Kirkegaard and Perry), and a total of 400 fields per slide were examined at 1000 × magnification (objective numerical aperture 1.30) on a Zeiss Axiophot epifluorescence microscope. When accurate counts could not be performed before significant quenching of the fluorescent signal, minimum estimates of 12 000 cells were applied.
Chinook salmon origins. Chinook salmon origins were examined using hatchery marks, CWTs, and genetic data. Any fish with detectable hatchery markings or tags was identified as 'marked' (a surrogate for hatchery fish). Snouts from marked fish with CWTs were removed and stored in 70% ethanol for subsequent decoding. Origins of fish with CWTs were determined from the Regional Mark Information System (Regional Mark Processing Center; www.rmpc. org/). For each CWT fish, the natal bay (i.e. first marine bay encountered in seaward migration) was assigned as the source bay. Fish lacking detectable hatchery markings or tags were identified as 'unmarked'. Although the majority of unmarked fish were likely to be from natural spawn origin, an unknown proportion of hatchery fish were included due to incomplete marking of hatchery fish (Rice et al. 2011) . Origins of unmarked fish were estimated using genetic assignment techniques (Manel et al. 2005) . Fin tissues were stored in non-denatured ethanol for subsequent DNA isolation using Wizard genomic DNA extraction kits (Promega). Isolated genomic DNA was used in polymerase chain reactions (PCRs) to amplify 13 microsatellite loci that have been standardized among all major West Coast salmon genetics laboratories (Seeb et al. 2007) . PCR products were separated electrophoretically on an Applied Biosystems (ABI) 3100 genetic analyzer. ABI GeneScan and Genotyper software were used to estimate allele sizes and assign genotypes. The origins of individual fish were estimated by using a regional baseline of population data compiled from the Genetic Analysis of Pacific Salmonids (GAPS) database for Chinook salmon (Seeb et al. 2007 , Rice et al. 2011 ) and the ONCOR software program (Kalinowski et al. 2007 ). ONCOR uses the likelihood model of Rannala & Mountain (1997) to calculate the relative probability that each baseline population produced a given individual's genotype. Probabilities were summed among genetically similar populations to assign fish to one of fifteen genetic stock groups in southern British Columbia and northwestern Washington (Rice et al. 2011) . Genetic stock groups previously identified in Puget Sound included South Sound Spring (adult return time), South Sound/Hood Canal Fall, Whidbey Basin, and Nooksack River.
Data analysis. Infection data for each fish included total number of bacterial cells per slide (infection intensity) and infection status (presence or absence of bacteria). For Chinook salmon infection intensity was normalized for fish size by the following formula:
, where B is the total number of bacterial cells per slide and L is the fork length. For some analyses, geographic designations were assigned to broader aggregate designations to examine larger scale effects or to obtain adequate sample sizes. The 52 individual sampling sites were assigned to thirteen watersheds, 8 bays (including a category for 'non-system' sites located outside of defined bays), 4 basins, or 2 sampling areas ( Fig. 1) . Because Chinook salmon in the North area were collected 2 wk earlier than those collected in the South area, fork length was examined separately by region. Statistical analyses included analysis of variance for fork length and for infection intensity; Spearman's rank correlation for infection prevalence and infection intensity; and the G-statistic and logistic regression modeling for infection prevalence. The critical p-value was set at 0.10, unless indicated otherwise. The data set used for logistic regression contained a case record for each Chinook salmon examined. Each record included intrinsic target species factors (length, hatchery marking), physical conditions for the tow (water temperature and salinity at the tow site, depth of tow), and biological community factors for the tow (presence and density or mass of species collected). Regression models were evaluated by Akaike's Information Criterion (AIC; Akaike 1973 , Burnham & Anderson 2002 , and differences in AIC scores were calculated against the lowest score to determine the most informative models. The data used for correlations were aggregated by month and by basin, bay, or watershed. Aggregations comprising 5 or fewer fish were ex clu ded from the correlations.
RESULTS

Infection prevalence
Prevalence of infection varied significantly by month, with the lowest proportion in May and the highest in June ( Fig. 2 ; G = 58.1, df = 11, p ≤ 0.0001). Monthly prevalence of infection was positively correlated with average Chinook salmon density across all 3 geographic scales (Spearman's rank correlation, p ≤ 0.002; Fig. 3 ). Furthermore, significant positive correlations between the monthly prevalence of infection and average Chinook salmon density were found for both marked and unmarked fish for all 3 geographic scales ( Table 1 ). The prevalence of infection between unmarked and marked fish (31.2 and 32.7%, respectively) was not different for each of the monthly samplings or for the entire survey ( Prevalence of infection differed widely among the capture locations. Among the 13 watersheds, prevalence varied significantly from the overall prevalence of 31.8% (G = 290.9, df = 12, p < 0.0001), with the northernmost and southernmost watersheds exhibiting the highest values (data not shown). Prevalence by bay also varied significantly (G = 384.7, df = 7, p < 0.0001) with high prevalence in the northernmost (Bellingham Bay), southernmost (Nisqually Reach), and a centrally located bay (Elliott/ Shilshole Bay; Fig. 4 ). Conversely, Skagit Bay exhibited the lowest prevalence. Infection prevalence was significantly different among all 4 basins (G = 185.3, df = 3, p < 0.0001; data not shown).
Among the logistic regression models for each geographic scale (basin, bay, watershed), the model by bay was most informative (ΔAIC probability weight = 0.941), and the likelihood of infection for fish captured in any bay was significantly higher than for fish captured in Skagit Bay (Table 2 ; p < 0.10). Fish captured in Bellingham Bay and Nisqually Reach had the highest odds of infection, while fish from Elliott/Shilshole Bay and Commencement Bays had intermediate odds of infection. Although fish captured in Possession Sound had the lowest odds of infection, the odds of infection were still significantly greater than for fish captured in Skagit Bay (Table 2) .
Prevalence of infection did not appear to be associated with genetic origin or hatchery origin. Among unmarked fish, DNA microsatellite analysis of 417 fish resulted in assigning 297 fish to genetic stock groups with high confidence (probability ≥ 0.800). Although infection prevalence among genetic stock groups was not uniform (G, df = 4, p = 0.048), none were different from the overall prevalence. Four Puget Sound genetic stock groups (South Sound/Hood Canal Fall, South Sound Spring, Whidbey Basin, and Nooksack) and a combined group from the Fraser and Thompson Rivers in British Columbia had ≥4 fish per capture bay. When these fish were examined by capture bay, prevalence was more similar among genetic stock groups within a capture bay than for a genetic stock group across the capture bays (Fig. 5) . For example, the Whidbey Basin and South Sound/Hood Canal Fall stocks each exhibited low prevalence when captured in Skagit Bay (8.6 and 12.5%, respectively). However, both of these stocks displayed elevated prevalence when captured in Bellingham Bay (38.9 and 75.0%) or the Nisqually (50.0 and 57.1%). Among the 270 coded wire tagged (CWT) fish, the prevalence by source bay ranged from 11.8% (Padilla Bay) to 53.5% (Bellingham Bay), with an overall prevalence of 31.1%. When examined by capture bay, fish from different source bays that were collected within the same capture bay exhibited similar prevalence (Fig. 6 ). For example, fish originating from Skagit or Bellingham Bay displayed low infection prevalence when captured in Skagit Bay (10.5 and 14.3%, respectively) but high prevalence when captured in Bellingham Bay (59.1 and 83.3%, respectively).
Logistic regression identified significant risk factors exclusive of capture location. Four models containing physical, biological, and temporal factors were compared and the best overall model included 7 parameters (Table 3 ). For 6 of those parameters, the odds ratio was >1, indicating that the odds of infection increased as the parameter value increased. Only one parameter, Infection prevalance (± 95% CI) in marked and unmarked salmon across sampling months, with overall infection prevalence (± 95% CI) indicated by the horizontal line and hatched area. Values different from the overall prevalence of 0.318 are indicated by asterisks (G-tests; *p < 0.05, ***p < 0.0001). Sample sizes (n) for each month: May, n = 117; June, n = 528; July, n = 468; August, n = 339; September, n = 190; October, n = 104 density of unmarked Chinook salmon, had an odds ratio <1, indicating that the odds of infection decreased as that density increased. The p-values of the coefficients for these parameters were small, suggesting the effects were consistent among the sampled fish. However, the odds ratios were close to 1 indicating that the magnitude of the parameter effect was small. This best overall regression model was examined by basin and by bay, and the significant odds ratios (p ≤ 0.10) calculated (Table 4 , Model 4). Water temperature and lamprey density were most frequently observed as significant positive factors (i.e. odds ratio >1) in several geographic areas, whereas forage fish density was a significant positive factor primarily in southern locations. Marked and unmarked Chinook salmon density effects varied depending upon the location and frequently had opposing values. For example, marked Chinook salmon density was a significant positive factor and un marked Chinook salmon density was a significant negative factor (i.e. odds ratio <1) in southern locations (Table 4) . Jellyfish mass was a positive factor only in the Rosario basin, and non-Chinook salmon density was not a significant factor at the basin or bay levels (Table 4) .
Logistic regression linked the density of river lamprey with increased odds of infection, implicating this species as a vector for horizontal transmission of Renibacterium salmoninarum. If this is possible, the bacterium should be present in tissues of river lamprey. We employed qFAT to examine gut contents and kidney tissues from adult river lamprey collected in surface trawls from sites within Skagit Bay and Possession Sound. Bacteria were found in kidneys of 57.6% of the fish and in gut contents from 78.8% of fish (n = 33). The bacterial counts averaged 5.4 cells per slide for kidney (range 0 to 26) and 4.1 cells per slide for gut contents (range 0 to 15).
As expected, fork length varied by the month of collection (2-way ANOVA; North region: F = 111.49, df = 7, p < 0.0001; South region: F = 92.02, df = 5, p < 0.0001). In the North region, fork length was not affected by infection status (F = 0.33, df = 1, p = 0.563). However, in the South area, length was affected by infection status (F = 7.03, df = 1, p = 0.008), and there was an interaction between infection status and month (F = 4.13, df = 5, p = 0.001) that was due primarily to the large size difference in fish collected in September (Fig. 7) .
Infection intensity
Temporal and geographic variations in infection intensity were significant. Fish collected in May exhibited higher infection intensity than all other months Values differing significantly from overall prevalence of 0.318 are indicated by asterisks (G-test, df = 7; *p < 0.01, **p < 0.001, ***p < 0.0001). Locations on x-axis are ordered from north (left) to south (right); non-system includes salmon not captured in a distinct geographic area (Fig. 8 ) However, none of the infected fish exhibited clinical evidence of BKD, such as kidney granulomas or ascites. For 77% of the infected fish, bacterial cell counts were ≤10 cells. For 5.6% of infected fish (31 of 557), bacterial cell counts were ≥100 cells and 4 of these 31 had >1000 cells.
Consistent positive correlations were observed between infection intensity and Chinook salmon catch parameters (Table 5) . Across all 3 geographic scales (basin, bay, watershed), the infection intensity was positively correlated with total Chinook salmon density, with the density of marked Chinook salmon, and with the percentage of marked Chinook salmon in the tow. The correlation coefficient for the marked Chinook salmon density was consistently the highest for all comparisons. In contrast, there were no significant correlations with the density of unmarked Chinook salmon (Table 5) . Furthermore, infection intensity was not different between all marked and all unmarked fish (t-test, 2-tailed test, p = 0.8422).
DISCUSSION
Disease surveillance is not typically included in ecological field assessments because many diseases are epi sodic and opportunities to detect pa tho gens can be relatively transient. Habitat overlap between infected pa tho gen reservoirs and susceptible populations of endangered species can exacerbate the risk of extinction without observing or understanding the hazard. Multidisciplinary monitoring can provide beneficial insights into en vironmental factors that are associated with the presence of pathogens, and in some instances, disease profiling can be used as an indicator for environmental status (Myers et al. 2008 , Stentiford et al. 2009 ).
The current study examined both biotic and abiotic factors associated with a bacterial infection in recently emigrant juvenile Chinook salmon. Among these factors, Chinook salmon density emerged as important for infection. Chinook salmon density correlated with infection prevalence (Fig. 3) and intensity of infection (Table 5 ) across spatial and temporal scales, suggesting that the association is not a population-specific or a local effect. The association of Chinook salmon density with infection is consistent with a horizontal transmission scenario among juvenile fish. Sympatry between infected and susceptible fish provides the opportunity for pathogen transmission, and increased host density elevates the probability of transmission. For bacterial kidney disease, infected fish shed bacteria in water (Austin & Rayment 1985 , McKibben & Pascho 1999 , and cohabitation of infected and naïve fish is an effective method of experimental challenge (Murray et al. 1992 , Alcorn et al. 2005 .
The release of hatchery Chinook salmon is likely to have an impact on infection for several reasons. First, infection intensity correlated with the percentage of marked Chinook salmon and the marked Chinook salmon density, but not unmarked Chinook salmon density (Table 5) . Second, marked Chinook salmon 167 density emerged as a positive risk factor for infection while unmarked Chinook salmon density was a negative risk factor (Table 3) . Third, Rice et al. (2011) have shown that total Chinook salmon densities in this study are primarily attributable to the release of hatchery fish. The temporal pattern of infection prevalence we observed (Fig. 2) corresponds to the timing of release of hatchery Chinook salmon in Puget Sound (Rice et al. 2011) . If pulses of hatchery Chinook salmon are responsible for transient increases in density, our data suggest these releases may increase opportunities for pathogen transmission.
Prevalence of infection varied greatly among the capture bays, and capture bay had the greatest effect on infection. The lowest prevalence was observed among fish collected in Skagit Bay (Fig. 4) , which receives the largest number and greatest proportion of wild juvenile Chinook salmon of all the bays that we examined (Rice et al. 2011) . The odds of infection among fish collected in Bellingham Bay, Elliott/ Shilshole Bay, Commencement Bay, and Nisqually Reach was 3 to 12 times higher than that for fish collected in Skagit Bay (Table 2 ). Three of these bays are predominantly urban and industrial in character, while the Skagit Bay receives inputs primarily from rural and agricultural areas. However, there are no major urban or industrial activities adjacent to Nis qually Reach (overall infection prevalence = 54.2%), demonstrating that there is no clear relationship between infection prevalence and upland development and use. The effect of the capture location may reside in factors that were not measured in our study, such as a pathogen reservoir in a non-Chinook salmon host.
One possible source of infection variation could be fish from a particular hatchery origin or genetic stock. We examined fish origins using 3 different approaches (hatchery mark, hatchery origin, genetic stock). One caveat about hatchery markings is that some Puget Sound hatcheries mark otoliths, but do not clip fins or use coded wire tags. Therefore, some fish classified as unmarked may actually be hatchery fish, so our comparisons are likely between known hatchery fish and fish that are a mixture of hatchery and naturally produced individuals. We did not observe a significant difference in infection prevalence between marked and unmarked fish (Fig. 2) . This observation suggests homogeneity of infection between the 2 groups and is consistent with pathogen transmission during early marine emigration. Coded wire tags in some marked individuals provided a subset of hatchery samples with known freshwater release locations, and we did not observe an obvious 'hotspot' hatchery source of infection in our data (Fig. 6) .
We used genetic data to estimate the genetic stock of origin of a subset of unmarked fish. While differential susceptibilities to BKD have been observed among populations of salmon (McGeer et al. 1991 , Beacham & Evelyn 1992 ), significant BKD resistance associated with locus zygosity (overdominance) has been limited to the major histocompatibility class IIB locus (Turner et al. 2007) , and specific genetic components under - lying resistance to BKD in Chinook salmon have not been identified (Beacham & Evelyn 1992 , Johnson et al. 2003 , Hard et al. 2006 . As expected, the genetic data did not provide as fine a geographic resolution for freshwater origin as the CWT data. For example, in the genetic analysis we grouped fall run populations from throughout southern Puget Sound and Hood Canal because they are genetically very similar, which likely reflects extensive transfers of hatchery stocks in the area (Myers et al. 1998) . Nonetheless, we did not find evidence that genetic stock was an important influence on infection, and our data indicate that the capture location was much more strongly associated with infection than was genetic stock (Fig. 5) .
Although a geographic risk factor may integrate features that are characteristic for that location, physical factors for each tow site were included in the regression analysis to determine their significance. Temperature emerged as a positive factor for prevalence, while salinity and depth of tow were not important (Tables  3 & 4) . Temperature can modulate both pathogen and host physiology, and the in vitro optimal growth temperature range for Renibacterium salmoninarum is 15 to 18°C. Fish experimentally infected with R. sal mo ninarum succumbed more rapidly at temperatures between 15 and 20.5°C (Sanders et al. 1978 ), a range overlapping approximately half of our temperature observations. Immune responses in poikilothermic fish tend to increase with temperature, but they are not simply linear (Le Morvan et al. 1998 , Watts et al. 2001 , Pettersen et al. 2005 , while certain innate immune responses in salmon, such as serum lysozyme and serum complement activities, are not affected by water temperature (Alcorn et al. 2002) . The temperature relationship detected in this study is consistent with observations of disease exacerbation at higher temperatures (reviewed in Richter & Kolmes 2005) , and suggests that scenarios of increasing water temperatures could result in greater infection prevalence.
The emergence of river lamprey density as a positive risk factor was unanticipated, and the majority of adult river lamprey we examined had Renibacterium sal mo ninarum in both the gut contents and kidney tissue. R. salmoninarum has been isolated from sea lamprey Petromyzon marinus from the Great Lakes (Eissa et al. 2006) where epizootics of BKD have occurred among Chinook salmon (Holey et al. 1998 ), and we have ob served R. sal moninarum in kidney tissue from adult Pacific lamprey Lampetra tridentata (Gairdner) from the Columbia River (L. Rhodes unpubl. obs.). During the marine adult phase, river lamprey parasitize schooling fish such as salmon and herring by feeding on epidermis, muscle, and blood (Beamish 1980 , Beamish & Youson 1987 . The presence of bacteria in lamprey kidney tissue indicates that these fish can become infected, in contrast to attempts to experimentally infect Pacific lamprey (Bell & Traxler 1986) . The majority of lamprey catches occurred primarily in the North part of the study area, with 70% of the lamprey captured in Skagit Bay, which had the lowest prevalence of infection. Thus, the presence of lampreys alone is insufficient for high infection prevalence, and supports the possibility that lamprey serve as vectors, rather than reservoirs, of R. salmoninarum for juvenile salmon. Several factors that were significant in the overall logistic regression failed to exhibit widespread significance at the basin or bay level. The density of forage fish and jellyfish mass were significant factors in only 1 or 2 geographic locations, and the density of nonChinook salmon was not significant in any basin or bay (Table 4) . These factors may have very weak effects, and indeed the odds ratios for some of them were very close to one. Alternatively, they may be surrogates for community features that were not captured by the tow data, e.g. altered community structures (Lynam et al. 2006) . Downstream migration and smoltification could exert a selective pressure against more heavily in fected or clinically ill fish. Juvenile salmon with BKD exhibit reduced survival when exposed to stressors simulating migration (Sanders et al. 1992 , Moles 1997 and while transitioning through smoltification (Mesa et al. 1999) . Clinically affected fish are also more susceptible to predation (Mesa et al. 1998) . Juvenile Chinook salmon with moderate to severe infection of Renibacterium salmoninarum have persistently lowered hematocrit, lowered plasma glucose, and elevated plasma lactate (Mesa et al. 2000) . The altered parameters are indicative of reduced capacity for sustained movement, and these fish are likely to be energetically disadvantaged. Because the intensity of infection was low for the majority of fish we examined, it is possible that the heavily infected fish did not successfully emigrate to marine waters.
The individual metric of fork length was the same between uninfected and infected fish for each month of the study, an observation that is consistent with susceptibility to infection through out the juvenile life stage. The inverse relationship between infection intensity and fork length may be a result of dilution by growth of the host, especially for a slowly repli cating bacterial species such as Renibacterium sal monina rum. Furthermore, immune responses in sal monids such as serum IgM levels rise during the postsmoltification period (Melingen et al. 1995a,b) , possibly resulting in better infection control in larger fish.
This study underscores the value of using a multidisciplinary approach for disease studies and for including disease assessments in ecological studies. Incorporation of both environmental and catch data with biological information for each fish allowed identification of risk factors associated with an increased odds of infection. The effect of Chinook salmon density at multiple spatial scales, effect of capture bay, the negligible effect of genetic stock and hatchery origin, and the low infection intensity among most of the affected fish are features consistent with horizontal transmission of Reni bacterium salmoninarum occurring during the neritic period and with recently acquired infections. A role for adult river lamprey (as vectors or reservoirs) in pathogen transmission was implicated, and the source of infection could be juvenile Chinook salmon, other salmonids, marine fish (Kent et al. 1998 ), or even invertebrates serving as passive reservoirs of R. salmoninarum (Starliper & Morrison 2000) . If horizontal transmission among juvenile Chinook salmon occurs during the first few months after emigration into seawater, there is potential for pathogen interaction between sympatric wild and hatchery stocks. Ideally, prerelease hatchery fish would be managed for the lowest achievable level of infection, including routine monitoring for pathogens before release. Including health status criteria in the hatchery release decision would provide long-term benefits such as improved survival to adulthood for both the fish belonging to the managed stock and for the wild stocks they encounter during their lifetime. 
